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Abstract. The possibility that a relevant fraction of the dark matter might be comprised of Pri-
mordial Black Holes (PBHs) has been seriously reconsidered after LIGO’s detection of a ∼ 30M
binary black holes merger. Despite the strong interest in the model, there is a lack of studies on
possible cosmological implications and effects on cosmological parameters inference. We investigate
correlations with the other standard cosmological parameters using cosmic microwave background
observations, finding significant degeneracies, especially with the tilt of the primordial power spec-
trum and the sound horizon at radiation drag. However, these degeneracies can be greatly reduced
with the inclusion of small scale polarization data. We also explore if PBHs as dark matter in simple
extensions of the standard ΛCDM cosmological model induces extra degeneracies, especially between
the additional parameters and the PBH’s ones. Finally, we present cosmic microwave background con-
straints on the fraction of dark matter in PBHs, not only for monochromatic PBH mass distributions
but also for popular extended mass distributions. Our results show that extended mass distribution’s
constraints are tighter, but also that a considerable amount of constraining power comes from the
high-` polarization data. Moreover, we constrain the shape of such mass distributions in terms of the
correspondent constraints on the PBH mass fraction.
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1 Introduction
The concept of Primordial Black Holes (PBHs) was introduced in the sixties [1], and subsequently
it was suggested that they might make up the dark matter [2]. However, increasingly stringent
constraints (see e.g. [3–6]) gave way to theories proposing elementary particles as dark matter. Of the
latter, the most popular theory is the Weakly Interactive Massive Particles (see e.g., [7]). Nonetheless,
the fact that WIMPs are still undetected while experiments are reaching the background sensitivity
[8] joint with the LIGO+VIRGO collaboration’s [9] first detection of gravitational waves emissions
from ∼ 30M binary black hole merger, make it timely to reconsider PBHs abundance constraints
(see e.g., [10–12]).
It is important to bear in mind that even without accounting for a relevant fraction of the dark
matter, the existence of PBHs might be a possible solution for other astrophysical open questions.
For instance, PBHs might be the progenitors of the super massive black holes located at the nuclei
of galaxies (e.g., [13, 14] and references therein) or the intermediate massive black holes that could
inhabit the center of dwarf galaxies (e.g., [15] and references therein).
The abundance of PBHs (and hence the fraction of the total dark matter that they constitute,
fPBH) is constrained by several independent observations in a wide range of masses, with present
datasets and new observables suggested for future experiments (see e.g. [16–26]). For stellar masses,
existing constraints include microlensing by compact objects with masses . 10M [27–31], wide
binaries disruption[32] or stellar distribution in ultra-faint dwarfs galaxies [33] at slightly larger masses.
There are also constraints on fPBH on this mass range from X-ray and radio observations of the Milky
Way [34], although they depend strongly on astrophysical assumptions. In addition to astrophysical
observables, the presence of PBHs has also consequences on cosmological observables such as the
Cosmic Microwave Background (CMB).
The basic mechanism behind the effects that a PBH population has on the CMB is the following.
PBHs accrete primordial gas in the early Universe and inject energy into the primordial plasma via
radiation. Therefore, the Universe’s thermal and ionization histories are affected by the presence of
PBHs, leaving potentially detectable signatures in the CMB. Given that the medium has more energy
because of the PBH energy injection, recombination is delayed. This shifts the acoustic peaks and
affects some physical quantities (e.g., the sound horizon at radiation drag, rs). To summarize, the
imprints are similar to those imposed by the energy injection of exotic species such as dark matter
decaying into photons [35].
Recently, Ali-Ha¨ımoud & Kamionkowski [36] (hereafter AHK) rederived constraints from CMB
power spectra and spectral distortions using the recently released Planck power spectra [37], assuming
spherical accretion and considering two limiting cases of ionization mechanisms (collisional ionization
and photoionization). Compared to the previous analysis, AHK generalize the radiative efficiency
– 1 –
computation accounting for Compton drag and cooling by CMB photons, as well as ionization cooling
once the gas is neutral, and use a more precise estimate of the relative velocity between PBHs and
baryons. All this leads to significantly smaller accretion rates and PBH luminosities than previous
analyses, therefore weakening constraints with respect to previous studies [38]. These updated results
leave a window open for PBHs to be the dark matter (fPBH = 1), precisely for masses of tens of M.
In contrast to the standard cosmological model, Λ-Cold Dark Matter (ΛCDM), hereafter we refer to a
ΛCDM model where a significant fraction of the dark matter is PBH as ΛPBH. Recently, the authors
of [39] revisited CMB constraints assuming disk accretion. They find tighter constraints, which close
the mentioned window and exclude the possibility that PBHs of tens of M account for fPBH >∼ 0.1.
This would rule out the ΛPBH model. However, both spherical accretion and disk accretion for all
the PBHs are limiting cases. It is therefore reasonable to expect that a realistic scenario would be in
between these (Refs.[36] and [39]) limiting cases.
Most of the constraints mentioned above are derived assuming a Dirac delta function for the mass
distribution (i.e., monochromatic distribution). While being a good approximation as a first step, this
is an idealized case. Extended mass distributions (EMDs) appear naturally in formation mechanisms
such as the collapse of large primordial fluctuations [40] or cosmic strings [41], or cosmological phase
transitions, like bubble collisions [42], among others [43]. Besides, critical collapse [44] broadens any
distribution, even if it is nearly monochromatic, making an EMD for PBHs unavoidable [45]. This
effect has been studied numerically in [46–48], showing that it applies over ten orders of magnitude
in density contrast (see e.g. figure 1 of [47]).
Given the wide variety of EMDs for PBHs, it is impossible to explore them all in detail in a cos-
mological context. The authors of [22, 23, 49] have proposed approaches to translate monochromatic
constraints to EMDs; for a discussion of the advantages and limitations of these approaches see the
above references and [50]. Constraints for simple EMDs have been derived exactly for microlensing
observations [51].
Recent works demonstrate that it is possible to interpret very accurately the effects of a pop-
ulation of PBHs with an EMD in each different cosmological probe as a monochromatic population
with a corresponding effective equivalent mass. The approach is physically motivated as it accounts
for the underlying physics of the effects of PBHs [50]. This is the approach we follow here. We refer
the reader to Ref. [50] for more details and advantages compared to other approaches.
Although recently there has been a renewed effort to revisit PBHs constraints, there is still a lack
of studies on PBHs cosmological implications and their possible correlations with other cosmological
parameters. Given the persistent tensions that exist among some observations at high and low redshift
within ΛCDM, it is worthwhile to explore the possibility that the inclusion of PBHs in the model
might reconcile these tensions. Using the formalism described in AHK, we study the impact of a
large PBH mass fraction on CMB-derived cosmological parameters, for the standard six parameters
of ΛCDM and for common extensions to this model. We also compute constraints on fPBH for PBHs
with EMDs and test the prescriptions of [50] for the effective equivalent mass for the CMB.
This paper is structured as follows. In Section 2 we introduce the observational data we use and
our methodology. Results are presented in Section 3: the results for monochromatic distributions are
shown in Section 3.1 and those for EMDs, in Section 3.2. Finally, discussion and conclusions can be
found in Section 4.
2 Methodology and Data
We use the public Boltzmann code CLASS [52, 53] using the modified version of HyRec [54, 55]
introduced in AHK. This modification allows us to compute CMB power spectra accounting for effects
due to a monochromatic mass distribution of PBH with mass M and fraction fPBH. We further modify
this code to allow also for a variety of PBH EMDs following the prescriptions suggested in AHK.
We use the Markov Chain Monte Carlo (MCMC) public code Monte Python [56] to infer cosmo-
logical parameters using the observational data described below. We use uniform priors for fPBH in
the range 0 ≤ fPBH ≤ 1, which is motivated by the linear dependence of the differences in the CMB
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power spectra on fPBH, shown in AHK. We also consider logarithmic priors finding that results do
no change significantly.
We consider the full Planck 2015 temperature (TT), polarization (EE) and the cross correlation
of temperature and polarization (TE) angular power spectra [37], corresponding to the following like-
lihoods: Planck high` TTTEEE (for ` ≥ 30), Planck low` (for 2 ≤ ` ≤ 29) and the lensing power
spectrum (CMB lensing). The Planck team identifies the low` + high` TT as the recommended
baseline dataset for models beyond ΛCDM and the high` polarization data as preliminary, because of
evidence of low level systematics (∼ µK2 in `(`+ 1)C`) [57]. While the level of systematic contamina-
tion does not appear to affect parameter estimation, we present results both excluding and including
the high` polarization data. Hereinafter we refer to the data set of Planck high` TTTEEE, Planck
low` and CMB lensing as “Full Planck” (or full for short) and we refer to the Planck recommended
baseline as “PlanckTT+lowP+lensing” (or baseline).
The approach we follow builds on AHK work and is similar in spirit. In that work, the authors
use the Plik lite best fit C`, a provided covariance matrix for the high` CMB-only TTTEEE power
spectra, and a prior on the optical depth of reionization, τreio, from [58]. Note that such covariance
matrix is computed for a ΛCDM model without the presence of PBHs, so no correlation among
fPBH and the standard cosmological parameters is considered. One difference comes from the fact
that, while AHK use a Fisher matrix approach to estimate parameters constraints, we use MCMC
for parameter inference. The price of being more rigorous comes at a considerable increase in the
computation time of the analysis. Computing the constraints on fPBH for all masses would take an
unpractical amount of time. However, given that the dependence of the upper limits on fPBH on
MPBH is smooth, we choose MPBH values equally spaced in logarithmic scale and interpolate the
constraints in between. With this procedure, for any MPBH in the interval covered by the sampling,
we have an estimated value for the 95% and 68% confidence limit on fPBH. This correspondence will
be useful in Sec. 3.2 and Figs. 7 and 8.
2.1 Accounting for EMDs
To consider the effect of an extended mass distribution (EMD), rather than exploring the whole
parameter space of all possibilities, we follow the Bellomo et al. [50] prescriptions to interpret EMDs
as monochromatic populations with an effective equivalent mass, Meq, which depends on both the
shape of the EMD and the observable considered. Here we just briefly introduce the formalism for
the CMB and refer the interested reader to Ref. [50] for a full explanation.
For an EMD, we define the PBH mass fraction as:
dfPBH
dM
= fPBH
dΦPBH
dM
, (2.1)
in such a way that dΦPBHdM is normalized to unity. We consider two popular mass distributions: a
power law (PL) and a lognormal (LN). The former can be expressed as:
dΦPBH
dM
=
NPL(γ,Mmin,Mmax)
M1−γ
Θ(M −Mmin)Θ(Mmax −M), (2.2)
characterized by the exponent γ, a mass range (Mmin,Mmax) and a normalization factor
NPL(γ,Mmin,Mmax) =

γ
Mγmax −Mγmin
, γ 6= 0,
log−1
(
Mmax
Mmin
)
, γ = 0,
(2.3)
where γ = − 2w1+w , w being the equation of state when PBHs form. If an expanding Universe is
assumed (w > −1/3), γ spans the range (−1, 1). We consider two cases of power law distribution:
one with γ = 0 (corresponding to PBHs formed in matter domination epoch) and another one with
γ = −0.5 (corresponding to PBHs formed in radiation dominated epoch).
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Lognormal mass distributions can be expressed as:
dΦPBH
dM
=
1√
2piσ2M2
e−
log2(M/µ)
2σ2 , (2.4)
where µ and σ are the mean and the standard deviation of the logarithm of the mass.
In order to account for an EMD, the energy density injection rate has to be integrated over the
whole mass range spanned by PBHs:
ρ˙inj = ρdmfPBH
∫
dM
dΦPBH
dM
〈L(M)〉
M
, (2.5)
where 〈L(M)〉 is the velocity-averaged1 luminosity of a PBH. Starting from the results of AHK, it is
possible to estimate the mass dependence of the integrand in Eq. (2.5) as:
〈L〉
M
∝ L
M
∝ M˙
2/LEdd
M
∝ M
4λ2(M)/M
M
= M2λ2(M), (2.6)
where L is the luminosity of an accreting black hole, M˙ is the black hole growth rate, LEdd is
the Eddington luminosity and λ(M) is the dimensionless accretion rate. In principle the averaged
luminosity will depend not only on the mass but also on redshift, gas temperature, free electron
fraction and ionization regime. Ref. [50] assumes that these dependencies can be factored out by
parametrizing the dimensionless accretion rate as λ(M) = Mα/2, where α is a parameter tuned
numerically a posteriori to minimize differences in the relevant observable quantity between the EMD
case and the equivalent monochromatic case.
Therefore, the effects of an EMD on the CMB power spectra are mimicked by a monochromatic
distribution of mass Meq when:
fMMDPBH M
2+α
eq = f
EMD
PBH
NPL
Mγ+2+αmax −Mγ+2+αmin
γ + 2 + α
, PL,
µ2+αe
(2+α)2σ2
2 , LN.
(2.7)
where fMMDPBH is the PBH mass fraction associated with a monochromatic distribution. In order to
obtain the effective equivalent mass, we fix fMMDPBH = f
EMD
PBH . This way, the upper limit on f
EMD
PBH is the
corresponding upper limit for a monochromatic distribution with the effective equivalent mass.
As the authors of [50] indicate, there is no single choice of the parameter α in Eq. 2.7 able
to correctly match the time dependent energy injection of the EMDs with the monochromatic case.
Since we require to select one effective value for α, the relation between the “best” value of α and
the redshift range where the match is optimised depends also on the EMD. Given that Planck power
spectra have the smallest error bars for 102 . ` . 103, we choose to select α by minimizing the
differences in the CMB power spectra in that multipole range. Although we expect that different
values of α do not have great impact in the performance of the method, we use α = 0.3 for Power
Law distributions, and α = 0.2 for Lognormal distributions [50].
In principle, our effective treatment of the EMD (Eq. 2.7) and related results strictly applies
only for M < 104M. This is because AHK modelling includes a steady-state approximation to
avoid time dependent fluid, heat and ionization computations. This approximation holds when the
characteristic accretion timescale is much shorter than the Hubble timescale, which is fulfilled for
PBHs with M . 3 × 104M [59]. Since AHK formalism breaks down for M > 104M, Eq. (2.7) is
valid only for EMDs which do not have significant contributions beyond that limit.
2.2 Important considerations
Several considerations are in order before we present our results and attempt their interpretation.
First of all, the treatment of the effects of PBHs on the CMB (adopted from AHK) only considers
1Recall that the accretion rate depends, among others, on the relative velocity PBH-gas.
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changes in the ionization and Hydrogen thermal history via energy injection due to PBHs accretion.
It does not consider any changes in the background history of the Universe. These changes would be
mainly introduced because of the energy transfer from the matter component to the radiation one
through black hole mergers, for instance. However there are several indications that these processes
are not important in this context. In fact Ref. [60] estimated that no more than 1% of the dark matter
can be converted into gravitational waves after recombination; hence this mechanism cannot provide
a significant “dark radiation” component affecting the early time expansion history and cosmological
parameters estimation. It cannot be invoked therefore to reduce the tension between the inferred value
of H0 obtained using CMB observations and assuming ΛCDM [37] and its direct measurement coming
from the distance ladder [61]. However, black hole mergers could affect the expansion history before
recombination in a similar way than Neff . This effect would further affect recombination quantities,
such as rs, which also affects the inferred value of H0 [62, 63]. This avenue is left to study in future
work.
Energy transfer from matter to radiation sectors is not the only effect of PBH mergers. When
two PBHs merge, the final state is a single black hole with larger mass. Thus the merger history of
the PBH population changes the initial EMD predicted by inflation theories. The extent of this effect
depends on the merger rate which in turn depends on the initial clustering and mass and velocity
distributions. Given current theoretical uncertainties and observational precision, neglecting changes
in the EMD through time is not expected to bias current constraints. However, this may need to be
accounted for in the future.
As PBHs behave like a cold dark matter fluid at sufficiently large scales, they only affect cos-
mological observables via energy injection because of the accreted matter. Therefore, the only other
cosmological probe affected by PBHs is reionization. The rest of cosmological probes (i.e., cosmic
shear, baryon acoustic oscillations, etc) will not be affected by a large fPBH. For this reason we have
not considered other cosmological probes here. In practical applications they could certainly be used
to further reduce parameter degeneracies.
While we assume spherical accretion, in [39] disk accretion is assumed. As the radiative efficiency
when a disk is formed is much larger than if the accretion is spherical, their constraints are much
stronger than ours and those appearing in AHK. However, both scenarios are possible in the early
Universe: whether the accretion is spherical or a disk is formed depends on the value of the angular
momentum of the accreted gas at the Bondi radius compared with the angular momentum at the
innermost stable circular orbit. Given that it is difficult to estimate the angular momentum of the
gas accreting onto a PBH, the best approach is to consider these as two limiting cases. We refer the
reader to Figure 3 and related discussion in Poulin et al. (2017) [39] in order to see the extent of the
differences in the shape of the power spectra between both scenarios. Nonetheless, we expect that
our results can be extrapolated to the disk accretion framework. Actually, the degeneracies between
fPBH and other parameters are expected to be approximately the same in both cases.
Therefore, it should be clear from the above discussion that uncertainties in the modelling of
processes such as accretion mechanisms of PBHs or velocity distributions imply that any constraint
should be interpreted as an order of magnitude estimate, rather than a precise quantity. However, the
behaviour of parameters degeneracies as a function of the different data sets considered or ionization
regime should be qualitatively captured by our analysis. For this reason, we will also report the ratio
between the constraints using two different data sets or ionization models.
As the equivalence relation between the effects of PBH with an EMD and a monochromatic
distribution derived in [50] is obtained assuming the formalism of AHK, it is subject to the same
caveats as AHK modelling. In particular given that AHK modelling breaks down for M > 104M,
Eq. (2.7) should be used strictly only for EMDs which do not have significant contributions beyond
that limit. A criterion to decide if a EMD fullfil this condition can be found in Ref. [50]. Finally, while
in principle the choice of the parameter α in Eq. 2.7 could be numerically optimized, the equivalent
mass is relatively insensitive to small changes of its value for the EMDs considered here; therefore a
slightly sub-optimal value of α does not bias our results.
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3 Results
3.1 Constraints on fPBH for monochromatic distributions
We start by directly comparing our approach with that of AHK; we use the same data (Planck
lite high`TTTEEE + prior in τ) but a MCMC instead of a Fisher approach to estimate parameter
constraints. The constraints we obtain are similar to those of AHK, with variations always below
the 10% level, which is smaller than the theoretical uncertainty of the model. Although there is
no significant effect introduced by using a Fisher approach, as we are interested in the posterior
distribution in the whole parameter space, we use MCMC.
In Figure 1 we show the 68% confidence level upper limits on fPBH for monochromatic populations
of PBHs with different masses for both the full Planck dataset (red) and removing the high multipoles
of polarization power spectrum (blue). Note that this color coding is used in all the figures throughout
the paper. We also show the results of AHK and the 95% confidence level upper limits obtained
assuming disk accretion from [39]. The results using full Planck are very similar to those obtained in
AHK. For the recommended baseline of Planck (which is the most conservative case) the constraints
are weaker, widening the window where fPBH ∼ 1 is allowed. The maximum masses for which
fPBH ∼ 1 is allowed (i.e., there is no upper limit at 68% confidence level) in each of the cases
considered are reported in Tab. 1.
PlanckTT+lowP+lensing Full Planck
10-1 100 101 102 103 104
M (M¯ )
10-5
10-4
10-3
10-2
10-1
100
f P
B
H
AHK
disk, veff =
√
cs,∞
〈
v2L
〉
1/2
disk, veff = cs,∞
This work, coll
This work, photo
Figure 1. 68% confidence level marginalized constraints on fPBH in the collisional ionization regime (dotted
lines) and in the photoionization regime (dashed lines). The results using the full data set of Planck are
shown in red and without including the high multipoles of polarization, in blue. We also show, as a reference,
the 68% confidence level marginalized constraints of AHK (green) and the 95% confidence level marginalized
constraints of [39] (black), where disk accretion is assumed. These external results are obtained including the
high multipoles of Planck polarization power spectrum.
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coll. Planck full coll. baseline photo. Planck full photo. baseline
max. M with fPBH ∼ 1 30M 300M 10M 30M
Table 1. Maximum mass for which fPBH ∼ 1 is allowed at 68% confidence level for monochromatic distri-
butions. We report the values for all possible combinations of data sets (either full Planck or baseline) and
ionization regimes (either collisional ionization or photoionization). Note that (as it should be clear from the
text and from Fig. 1) these values are approximated and limited by the discrete sampling in mass for which
we compute the constraints.
To capture the effect of different data sets and assumptions on the ionization regime on the fPBH
limits, we use the ratio between two upper limits obtained with different assumptions or data. Tab. 2
highlights the effect of polarization high multipoles (first two columns) by reporting the ratio of the
marginalised 68% confidence level on fPBH obtained using the full Planck data to that obtained using
the baseline Planck data set. The next two columns illustrate the effect of the ionization regime (ratio
of assuming photoionization over collisional ionization). As it can be seen, ratios for the different data
sets does not depend on the ionization limit and ratios for the ionization limits does not depend on
the data. This suggests that the ratio between two marginalized upper limits on fPBH can be used to
isolate the effects of specific choices of modelling or data sets. In fact, including the high multipoles
of polarization power spectra improves constraints by a factor of 10. On the other hand, assuming
photoionization regime instead of collisional ionization, improve constraints by a factor of ∼200.
Planck full/ baseline Planck full/baseline photo/coll photo/coll
(coll) (photo) (Full Planck) (baseline)
fPBH ratio 0.11 0.11 5.2×10−3 4.8 ×10−3
Validity M > 300M M > 30M M > 100M M > 300M
Table 2. Ratio of 68% marginalized upper limits on fPBH. We compare the upper limits obtained using full
Planck against using the baseline PlanckTT+lowP+lensing for the two ionization regimes and the constraints
obtained assuming photoionization against assuming collisional ionization for both data sets. In all cases we
report the mass range for which the correspondent ratio is valid.
3.1.1 Constraints and degeneracies with cosmological parameters in ΛCDM
In addition to the constraints on fPBH, we also study the degeneracies of this parameter with the six
standard cosmological parameters of the ΛCDM model.
The most notable degeneracy, as already noticed in [38], is between fPBH and the scalar spectral
index ns. This positive correlation is induced by the energy injection of the PBH emission, which
alters the tails of the CMB power spectra. As decoupling is delayed, the diffusion damping increases
and the high multipoles are suppressed through Silk damping. In Figures 2 and 3, we show the
results for the collisional ionization and photoionization limits, respectively. We report 68% and 95%
confidence level marginalized constraints on the fPBH − ns (left) and fPBH − rs (right) planes, for
different masses, as these are the most affected parameters; in general, degeneracies become stronger
for larger masses. For some cases, a scale independent or even blue tilted primordial power spectrum is
allowed. Combined analyses with galaxy surveys can be used to constrain ns, reducing the degeneracy;
we will discuss this in more details elsewhere.
The fPBH − rs degeneracy is the result of two competing effects. On one hand, the presence
of PBHs delays recombination and shifts the peaks of CMB power spectra (see Figure 13 of AHK).
This yields a larger sound horizon at radiation drag, leading to a lower value of H0 to fit the cosmic
distance ladder of supernovae type Ia and Baryon Acoustic Oscillations (BAO), as shown in [62]. On
the other hand, the effect of a delayed recombination on the value of rs is compensated by small
degeneracies in the density parameters of baryons and dark matter. Thus, a sizeable PBH component
(with masses & 300M for collisional ionization or & 30M for photoionization) can change rs by ∼ 1
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PlanckTT+lowP+lensing Full Planck
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0.45
0.60
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52
0M
Figure 2. 68% and 95% confidence level marginalized constraints on the ns-fPBH plane (left) and rs-fPBH
plane (right) for ΛCDM with PBHs as part of the dark matter (i.e., free fPBH) in the collisional ionization
regime. We consider three monochromatic distributions: 170M (top), 300M (middle) and 520M (bottom).
Results using the full data set of Planck are shown in red and using the recommended baseline, in blue. 68%
upper limits on fPBH correspond to the those shown in Figure 1. Note the change of scale in y-axis.
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PlanckTT+lowP+lensing Full Planck
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Figure 3. Same as Fig.2, but in photoionization regime. In this case we consider 30M (top), 100M
(middle) and 170M (bottom).
Mpc. This shift is of a magnitude comparable to other effects and, most importantly, non-negligible
with current and future errors in distance measurements using the BAO scale.
The effect on the rest of ΛCDM parameters is smaller, mostly resulting in mild relaxations of
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the confidence regions. Beyond that, only the amplitude of the scalar modes in the primordial power
spectrum, AS , presents a small positive correlation with fPBH.
2
Perhaps unsurprisingly, the inclusion of the high` polarization data effectively remove the degen-
eracies; the effect on the TT damping tail can be mimicked by changes of the cosmological parameters,
but this is not anymore the case once also the high` polarization is considered. It is well known that
the high` polarization data has a similar effect in other models where, as in this model, the CMB
damping tail is affected by the additional physics introduced (e.g., if dark radiation is allowed and for
decaying dark matter models).
3.1.2 Implications for extended cosmologies
Here we explore the consequences of varying fPBH in some common extensions of the ΛCDM model.
In addition to an expected weakening of the constraints, we study the degeneracies with the additional
parameters. We consider the following models: free equation of state of dark energy (wCDM), free sum
of neutrino masses (ΛCDM+mν), free effective number of relativistic species (ΛCDM+Neff) and free
running of the spectral index (ΛCDM+αs). Finally, we also allow the running of the running of the
spectral index, βs to be a free parameter (ΛCDM+αs+βs). We limit the study to the recommended
baseline of Planck. Moreover, following the results from the previous section and in order to appreciate
changes in fPBH, we choose masses for which fPBH ∼ 0.1: 520M for collisional ionization and 100M
for photoionization.
Figure 4 shows 68% and 95% confidence level marginalized constraints on the plane of fPBH
and the additional parameters of the extended cosmologies. As it can be seen, there is a correlation
between mν and fPBH and between Neff and fPBH, and an anti-correlation between αs and fPBH, but
no appreciable correlation with w. The degeneracies with mν , Neff and αs open the possibility that
when limiting the theoretical framework to ΛCDM, one might hide the presence of PBHs. On the
other hand, fPBH = 0 is always within the 68% confidence region.
The positive correlation between fPBH and Neff can be explained as follows. On one hand, as
PBH energy injection delays recombination, rs is higher (and CMB peaks are displaced towards larger
scales). On the other hand, a value of Neff different than the fiducial value changes the expansion
history, especially in the early Universe, hence rs is modified. Concretely, higher values of Neff derive
on lower values of rs (and displacements of the CMB peaks towards smaller scales). This is why,
if PBHs exist, larger values of fPBH need larger values of Neff to fit observations. Varying mν also
changes the expansion history, the angular diameter distance to recombination and the redshift of
equality, so the relation between fPBH and mν is similar to that explained above.
We also consider the case in which the running of the spectral index, αs, is scale dependent,
hence there is an additional free parameter in this case: the running of the running, βs, which we
consider scale independent. As it can be seen in Figure 5, varying βs weakens the constraints on αs
and the parameters are highly correlated. What is more surprising is that for small values of fPBH,
βs is slightly different than 0. However, this trend is not strong enough to be statistically significant.
Although there is a strong correlation between fPBH and ns, the correlations with αs and βs are
much smaller. This is due to the suppression of the CMB power spectra on the high ` tail produced
by PBHs can be mimicked by a different constant value of ns, without evidence of the need of a strong
scale dependent variation.
Fig. 6 shows how the degeneracies in extended cosmologies weaken the constraints on fPBH.
Adding an extra cosmological parameter to the 6-ΛCDM ones, weakens the constraints on fPBH
approximately by a factor 2, except for wCDM, due to the lack of correlation. The shift of the
parameters w and β from their ΛCDM-fiducial values is responsible for making the fPBH constraints
in the extended model slightly tighter.
2While in principle one may expect also a degeneracy with the optical depth to recombination τreio, this is not
noticeable due to the tight constraints on this parameter imposed by the low ` polarization data and because fPBH is
positive definite.
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Figure 4. 68% and 95% confidence level marginalized constraints on the plane fPBH-x (x being the additional
parameter to ΛPBH) for 520M in the collisional ionization regime (left) and 100M in the photoionization
(right) for the following extended cosmologies (form top to bottom): ΛPBH+mν , ΛPBH+Neff , ΛPBH+αs
and wPBH.
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Figure 5. 68% and 95% confidence level marginalized constraints for a ΛCDM +αs+βs model for 520M in
the collisional regime (left panels) and for 100M in the photoionization regime (right panels). Upper panels:
constraints on the βs-αs plane with a color code to express the value of fPBH. Bottom panels: constraints on
the fPBH-αs plane with a color code to indicate the value of βs. These results are obtained without including
the high multipoles of the polarization power spectrum of Planck.
3.2 Constraints on PBHs with extended mass distributions
So far, we have considered monochromatic populations of PBHs. Although this is an interesting first
step, a more realistic case involves a distribution of masses. We follow [50] as described in Section
2.1 and assess numerically the accuracy of the approximation in six specific cases: two Lognormal
distributions and four Power Law distributions (two with γ = 0 and other two with γ = −0.5). For
each EMD case, we consider a narrow and a wide distribution. Our aim is to test the approach of
[50] by comparing the results obtained following their prescription with an exact calculation using
MCMCs.
The resulting marginalized 68% and 95% confidence level upper limits on fPBH using full Planck
for the six EMDs are shown in Table 3. In the second column we report results for a monochro-
matic distribution of 30M and in the following columns we report constraints for extended mass
distributions chosen to have an effective equivalent mass (according to Sec. 2.1) of 30M. The dif-
ferences in the upper limits are well below the theoretical uncertainties of the model. These results
demonstrates that, within the current knowledge of how an abundant population of PBHs affects the
CMB, there is no difference between computing the constraints using the actual EMD and using an
effective equivalent mass following the approach of [50]. In the same spirit, the monochromatic upper
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Figure 6. Margnialized probability distribution of fPBH obtained assuming the extended cosmologies and
those obtained assuming ΛCDM using PlanckTT+lowP+lensing for collisional ionization and 520M (left)
and photoionization 100M (right).
C.L. M=30M LN (1) LN (2) PL, (1) PL, (2) PL, (1) PL, (2)
≡Meq γ = 0 γ = 0 γ = −0.5 γ = −0.5
fPBH ≤ (68%) 0.071 0.072 0.067 0.073 0.070 0.069 0.0725
fPBH ≤ (95%) 0.14 0.15 0.14 0.14 0.14 0.14 0.16
Table 3. Evaluation of the performance of the effective equivalent mass to match the results of account-
ing properly for EMDs. The result using the monochromatic approximation is shown in the second column
(M=30M), results obtained using several extended distributions are shown in the following columns. We com-
pare the 68% and 95% marginalized upper limits on fPBH using full Planck and in the photoionization regime
for six different EMDs with an equivalent mass of 30M and the correspondent monochromatic case. We con-
sider lognormal distributions (LN) with α = 0.2 and {µ, σ} = {22.8M, 0.5} (1) and {µ, σ} = {10M, 1.0} (2).
We also consider power law distributions with α = 0.3 and γ = 0 with {Mmin,Mmax} = {1M, 82M}
(1) and {Mmin,Mmax} = {0.01M, 114M} (2), and γ = −0.5 with {Mmin,Mmax} = {1M, 150M} (1)
and {Mmin,Mmax} = {0.01M, 564M} (2). Note how similar the constraints are and how accurate is the
monochromatic approximation.
limits on fPBH can be used to constrain the parameters of the EMDs considered here; i.e., µ and σ
for the Lognormal and γ for the Power Law (for which we consider different mass bounds). We use
the marginalized 95% confidence level upper limits of fPBH and translate these into limits for the
EMDs parameters as follows. For every choice of EMD and its parameters, we compute the effective
equivalent monochromatic mass and look up the fPBH value corresponding to the 95% confidence
upper limit (see Sec.2 and Fig. 1). The results for photoionization and collisional ionization limits
using both full Planck and PlanckTT+lowP+lensing for a ΛCDM model are shown in Figure 7 for a
Lognormal EMD and Figure 8 for Power Law EMDs. The black shaded region indicates parameters
values for which the EMD extends significantly beyond the limit of 104M where the AHK formalism
becomes invalid.
The above results can be understood as follows. If PBHs have an EMD, the largest contribution
to the injected energy comes from the high mass tail [50]. Therefore for a large width of a Lognormal
mass distribution, µ is constrained to be small. In the case of the Power Law mass distribution, the
flatter the distribution (i.e., the larger γ), the stronger the constraint on fPBH. In essence, this implies
that the constraints on fPBH for EMDs are stronger than for monochromatic distributions. Then, if
PBHs are meant to be all the dark matter and have an EMD, this has to be peaked at M . 1−50M,
hence the allowed window shrinks.
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Figure 7. 95% confidence level marginalized constraints on fPBH (in color code) for a Lognormal mass
distribution as function of the two parameters of the distribution, µ and σ, in the collisional regime (upper
panels) and in the photoionization regime (bottom panels). The black shaded region indicates the values
of µ and σ for which EMDs extends beyond 104M (the ratio between the values of the distribution in
M = 104M and in the peak is 10−5), masses for which AHK formalism breaks down and Eq. (2.7) is not
valid. Left panels: Results obtained using full Planck. Right panels: results obtained without including the
high ` of polarization.
From Eq. (2.7) and the results shown in Tab. 1 it is possible to define a region in the parameter
space of the EMDs for which fPBH ∼ 1 is allowed (dark red in Figures 7 and 8). Let us define Mlim
to be the maximum mass of a monochromatic distribution for which there are no upper limits on
fPBH (values reported in Tab. 1). We can then constrain the parameter space of EMDs by imposing
Meq .Mlim. For Lognormal distributions, there is an analytic solution:
µ .Mlim,
σ .
√
2
2 + α
log
(
Mlim
µ
)
.
(3.1)
4 Discussion and conclusions
The presence of a population of PBHs constituting a large fraction of the dark matter (i.e., in what
we call ΛPBH model) would have injected radiation in the primordial plasma affecting the Universe’s
thermal and ionization histories and leaving an imprint on e.g. the CMB. A robustly demonstrated
absence of these signatures would put strong limits on the abundance of PBHs of masses & 10M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Figure 8. 95% confidence level marginalized constraints on fPBH (in color code) for a Power Law mass
distribution as function of two parameters of the distribution, Mmax and γ, for a fixed Mmin = 10
−2M in
the collisional regime (upper panels) and in the photoionization regime (bottom panels). Left panels: Results
obtained using full Planck. Right panels: results obtained without including the high ` of polarization.
and thus help to exclude a possible dark matter candidate. We find no evidence for the presence of
such PBHs with an abundance large enough to be appreciable: fPBH = 0 is always inside the 68%
confidence region in all the cases considered. However, the sensitivity of present experiments is still not
good enough to rule out PBHs in this mass range as a sizeable fraction of the dark matter. Moreover,
on the theoretical side, uncertainties in the modelling of processes such as accretion mechanisms of
PBH or velocity distribution imply that any constraint should be interpreted as an order of magnitude
estimate, rather than a precise quantity.
In this work we use the formalism introduced in AHK [36], which assumes spherical accretion and
two limiting scenarios in which either collisional or photoionization processes completely dominate.
We build on AHK by performing a robust statistical analysis, considering extended mass distributions
of PBHs and exploring cosmological parameter degeneracies and the cosmological consequences that a
large fPBH would have on other parameters. Beside confirming AHK findings, we note that the current
allowed window of fPBH ∼ 1 for monochromatic populations of PBHs with masses ∼ 10 − 100M
greatly depends on the dataset considered (see Figure 1 and Tab. 1). A significant component of
the constraining power of CMB observations comes from the high multipoles of polarization power
spectrum: the marginalized constraints on fPBH are about ten times stronger when included.
For Planck’s recommended baseline data (i.e., not including the high multipoles of polarization
power spectrum), CMB observations allow fPBH ∼ 1 for M . 30M for the most stringent case (pho-
toionization) and M . 300M for the most conservative one (collisional ionization). The inclusion
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of high` polarization data shrinks significantly this window to M . 10M for photoionization and
M . 30M for collisional ionization. The forthcoming release of Planck data with confirmation that
the high` polarization power spectrum is suitable to be used in extended cosmologies will greatly
constrain the models for PBHs and their role as a dark matter component.
We have also investigated degeneracies between fPBH for PBH masses in the allowed ΛPBH model
window of ∼ O(10)M to ∼ O(500)M and some cosmological parameters in a ΛPBH cosmology
(Figures 2 and 3). As expected, we find a large correlation with ns, which gets stronger for larger
MPBH, and allows even ns ≈ 1. Since future galaxy surveys will measure ns with astonishing precision,
it will become possible to limit this degeneracy and set an indirect constraint on fPBH. Interestingly,
we find that, compared to the standard fPBH = 0 model, a sizeable fPBH would yield a higher sound
horizon at radiation drag, rs. A joint analysis with BAO would yield a lower value for H0. Therefore
a ΛPBH Universe do not ease some of the existing tensions of ΛCDM (and in particular the H0 one,
see e.g., [62]), and possibly even worsen them.
However, a sizeable fPBH , if ignored, would bias the determination of rs by ∼ 1 Mpc. It is
important to note that this shift is non-negligible compared to expected errors in the determination
of the BAO distance scale, hence this possibility should be kept in mind when interpreting forthcoming
BAO data.
We have shown that the ratios between marginalized upper limits of fPBH for two different data
sets do not depend on the assumptions about the ionization regime. Moreover, the ratios between
the constraints on fPBH for different ionization regimes do not depend on the inclusion of the high
multipoles of polarization power spectrum (Tab. 2). This suggests that using the ratio between
marginalized upper limits on fPBH it is possible to isolate effects of specific choices of modelling or
data sets, hence our findings can be reinterpreted for different modelling approaches, such as the disk
accretion modelling of [39].
If PBHs as dark matter are studied in the framework of popular extensions to ΛCDM, the allowed
parameter space is extended because of degeneracies between fPBH and i.e., Neff or the neutrino mass
(Figure 4). These degeneracies make it possible that PBH as dark matter might be hidden when
assuming a ΛCDM background model, by forcing extended parameters to its fiducial values. The
degeneracies with the parameters related with the neutrino sector can be explained by the fact that
exotic neutrino physics would change the expansion history of the early Universe, therefore changing
the epoch of recombination. A larger fPBH requires a larger Neff , which yields a higher H0 CMB-
inferred value when ΛCDM+Neff is assumed, as can be seen in Figure 9. This could make the CMB
inferred value of H0 fully compatible with direct measurements [62, 64–66].
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Figure 9. 68% and 95% constraints on the plane Neff -H0 with a color code to express the value of fPBH for
collisional ionization and 520M (left) and for photoionization and 100M (right) using the baseline Planck
data set. The marginalized constraints on the plane Neff -fPBH can be seen in figure 4.
Finally, we successfully test the approach proposed in [50] to convert constraints computed for
monochromatic distributions into constraints for EMDs in the case of CMB observations. Given the
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simplicity of the approach and the performance, we advocate using it to quickly get precise estimate
for any EMD. We also present constraints on the properties of popular EMDs, as to being consistent
with current CMB data.
Following this approach, we compute 95% confidence level upper limits on fPBH as function of
the parameters of the EMDs (Figures 7 and 8). We find that CMB sets strong constraints on fPBH for
EMDs that extends towards large masses. If one takes into account microlensing constraints (which
constrain PBHs in the M . 1− 10M range), fPBH ∼ 1 and thus a ΛPBH cosmology is allowed only
for narrow EMDs and only if most conservative assumptions and data are considered.
We eagerly await the release of the final Planck high` polarization data: in combination with
other constraints it will be key to boost or rule out the hypothesis of PBHs as dark matter.
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